We have previously shown in mice that cytokine-mediated damage to the placenta can temporarily limit the flow of nutrients and oxygen to the fetus. The placental vulnerability is pronounced before embryonic day 11, when even mild immune challenge results in fetal loss. As gestation progresses, the placenta becomes increasingly resilient to maternal inflammation, but there is a narrow window in gestation when the placenta is still vulnerable to immune challenge yet resistant enough to allow for fetal survival. This gestational window correlates with early cortical neurogenesis in the fetal brain. Here, we show that maternal illness during this period selectively alters the abundance and laminar positioning of neuronal subtypes influenced by the Tbr1, Satb2, and Ctip2/Fezf2 patterning axis. The disturbances also lead to a laminar imbalance in the proportions of projection neurons and interneurons in the adult and are sufficient to cause changes in social behavior and cognition. These data illustrate how the timing of an illness-related placental vulnerability causes developmental alterations in neuroanatomical systems and behaviors that are relevant to autism spectrum disorders.
Introduction
Maternal illness during early pregnancy has been associated with gestational complications and increased risk of neurodevelopmental disorders such as autism spectrum disorder (ASD) and schizophrenia (Brown et al., 2000; Beversdorf et al., 2005) . Even mild illness such as the flu or noninfectious allergic and asthmatic reactions are clinically implicated as gestational risk factors in ASD, and these associations are most significant when the immune events occur in first or second trimester (Croen et al., 2005) . Prior studies have demonstrated that activation of the maternal innate immune system during pregnancy, even without viral or bacterial infection, is sufficient to cause diffuse neuroanatomical alterations and abnormalities in social behavior, complex learning tasks, and sensorimotor gating Zuckerman et al., 2003; Golan et al., 2005; Meyer et al., 2006 Meyer et al., , 2008 . We have recently shown that maternal cytokine-induced disruption of placental function is a contributing factor in this process (Carpentier et al., 2011) .
Before mid-gestation in mice, the placenta is so sensitive to lipopolysaccharide (LPS)-induced maternal proinflammatory cytokines that even low doses of LPS can trigger TNF-␣-dependent spontaneous termination (Carpentier et al., 2011) . At approximately embryonic day 13 (E13), the placenta undergoes an extensive developmental switch in gene expression patterns (Knox and Baker, 2007, 2008) , and, by E14.5, the placenta becomes resistant to cytokine challenge (Carpentier et al., 2011) . The timing of this transition from vulnerable to resilient creates a narrow window of gestation when the mouse placenta has become resilient enough for an immunologically challenged pregnancy to proceed to term, yet still vulnerable to low levels of cytokines. It also time locks the potential impact of a placental vulnerability to periods of active neurogenesis in the developing forebrain. Here we examine cortical neurogenesis and resulting adult anatomy in mice challenged with LPS to better understand the range of neurodevelopmental processes that may be influenced by maternal infections during this window of vulnerability.
We have found that mild immune activation at E12.5 is accompanied by placental damage, transient fetal hypoxia, reduced neural progenitor cell proliferation, and premature cell cycle exit in the developing cortex. These changes ultimately result in a decrease in the number of E12.5-born cells in deep layers of the cortex and a proportional increase in the number of E12.5-born cells in the superficial cortical layers in the adult mice. The abundance and laminar positioning of projection neuron and in-terneurons are also affected, with the most notable impact on three pyramidal neuron subtypes whose cerebral or subcerebral projection patterns are specified by Satb2 and Tbr1, or Ctip2/ Fezf2-mediated cascades, respectively. The combined disturbances in neurodevelopment are sufficient to alter social behavior and cognitive processing in adult offspring. Together, these data suggest that mild illness during the period of placental vulnerability is sufficient to cause a patterned imbalance in projection neuron identity, laminar distribution, and excitatory/inhibitory neuron ratios present in the adult.
Materials and Methods
Animals. All animal studies were performed in accordance with National Institutes of Health guidelines for the humane use of animals, and all procedures were reviewed and approved by the Stanford Institutional Animal Care and Use Committee. C57BL/6J mice purchased from The Jackson Laboratory were used for all studies.
Timed pregnancies and treatments. To generate timed pregnancies, pairs of females were housed with a single male overnight. Mice were separated the next day, and noon on that day is termed E0.5 for these studies. At E12.5, pregnant mice were injected intraperitoneally with saline or LPS from Escherichia coli (Sigma-Aldrich) at 60 g/kg body weight prepared at a concentration of 12 g/ml in saline. All chemicals were purchased from Sigma-Aldrich except where otherwise noted. For all animals tested postnatally, pups were fostered at birth to wild-type naive mothers with litters between 1 and 5 d old (which were removed). Pups were weaned at 3 weeks of age and group housed at 2-5 mice per cage in standard microisolator cages with a 12 h light/dark cycle. Animals being analyzed for hypoxia received an intraperitoneal injection of pimonidazole (100 mg/kg; Hypoxyprobe-1, Hypoxyprobe) 15 min before saline or LPS. To assess fetal neural precursor proliferative activity, some pregnant mice received one injection of Iododeoxy uridine (IdU, 100 mg/kg, 5 mg/ml) or chlorodeoxyuridine (CldU; 100 mg/kg, 10 mg/ml) at E12.5, E13.5, or E15.5.
Immunofluorescent staining and antibodies. Tissue was fixed with 4% paraformaldehyde and equilibrated in 30% sucrose. Adult brains were harvested and sectioned on a freezing sledge microtome. Whole fetal heads and postnatal heads were harvested and sectioned on a Microm HM505E cryostat (Fisher Scientific). Free-floating brain tissue sections or cryostat sections mounted on glass slides were rinsed twice with Trisbuffered saline (TBS) and DNA was denatured with 2N HCl for 20 min at 37°C. Samples were rinsed twice with TBS and blocked at room temperature in TBS plus 0.3% Triton X-100 and 3-10% normal donkey serum (NDS; Jackson ImmunoResearch) for 2 h at room temperature. Tissue sections were then incubated with primary antibody in staining buffer (TBS plus 0.3% Triton X-100 and 1% NDS; tissue sections) overnight at 4°C. The antibodies in this study were as follows: mouse anti-pimonidazole at 1:50 (Hypoxyprobe), rabbit anti-phospho-Histone H3 (1:400; Cell Signaling Technology), mouse anti-bromodeoxyuridine (BrdU; 1:200; BD Biosciences, cross-reacts with IdU), rat anti-BrdU (1:500; Accurate Chemical and Scientific; cross-reacts with CldU), rabbit anti-Ki67 (1:200; Novocastra, Leica Microsystems), goat anti-doublecortin (1:500; Santa Cruz Biotechnology), rabbit anti-Ctip2 (1:200; Novus Biologicals), mouse antiSatb2 (1:100; Abcam), rabbit anti-Tbr1 (1:100; Abcam), goat anti-Cux1 (1: 100; Santa Cruz Biotechnology), anti-GABA (1:500; Sigma-Aldrich), mouse anti-parvalbumin (1:5000; Millipore Bioscience Research Reagents), rabbit anti-calretinin (1:500; Millipore), mouse anti-calbindin (1:500; Swant, Swiss antibodies), and goat anti-reelin at (1:200; R&D Systems). After washing three times with TBS, tissue was incubated with donkey secondary antibodies conjugated to FITC, Cy3, or Cy5 (1:500; Jackson ImmunoResearch) for 4 h at room temperature or overnight at 4°C. Tissue was washed twice in TBS and incubated with 4Ј,6-diamidino-2-phenylindole (DAPI) at 0.1 g/ml for 10 min at room temperature. Tissue was then fixed with 4% paraformaldehyde for 10 min at room temperature, washed, and coverslips were mounted using polyvinyl alcohol and 1,4 diazabicyclo[2.2.2]octane in glycerine (PVA-DABCO).
Confocal microscopy, image analysis, and cell counts. Four-color confocal microscopy was performed on a Zeiss 700 confocal microscope with gain and offset adjusted on the brightest and dimmest sections of an entire staining set. This avoided data clipping with undersaturated and oversaturated pixels and ensured that images could be collected from all animals in a given experiment without changing settings. Images were collected using the 40ϫ oil objective with automated tiling to generate a high-resolution image montage that spanned the entire thickness of the cortex. The images were then evaluated by an experimenter blind to treatment, and postcollection processing was applied using automated scripts developed in Photoshop CS4 or CS5 (Adobe). Adjustments to optimize signal-to-noise and enhance threshold-based object counting in ImageJ were determined empirically. The adjustments were then recorded and saved as a sequence of "actions" in Photoshop and then applied to all images in a given dataset using the "automate" function in Photoshop.
Postprocessed confocal images were then scored in ImageJ/Fiji by applying the color threshold tool and "analyze particles" tool. Object area and circularity thresholds for each stain or object type were empirically determined and the accuracy of the automated counts verified by manually scoring a subset of images. Iterative adjustments to image processing, color threshold, and "analyze particles" variables were made until automated counts were within 3% of manually scored samples. Object area, average pixel intensity, and centroid X and Y coordinates were output to Excel. X and Y coordinates defining the pial surface and dorsal surface of the corpus callosum (CC) were also recorded for each image. Ventricular surface was used instead of CC in fetal samples. The laminar position of a given object was then calculated as a fraction of the distance between pia and CC (or ventricular wall).
For cell cycle analysis in the fetal cortex, 20 m cryostat sections were stained for IdU, CldU, Ki67, and DAPI. Three or more sections were scored for each fetus, and the number and relative position for DAPI nuclei that were also positive for IdU, CldU, and/or Ki67 were scored (single-double-, or triple-labeled nuclei).
For adult tissue scoring, 40 m coronal sections were serially collected throughout the entire anterior-posterior (A-P) axis of the brain. Every 24th section was stained for each marker (960 m sampling interval). Staining for a given marker was performed at the same time on all sections to be scored to ensure that each section received identical treatment and that technical variation in staining intensity was minimized across animals. For adult cortical projection neuron and interneuron counts, cells were scored in three coronal sections separated from each other by 960 m (ϳ1.8 mm of dorsal medial cortex sampled). The anterior section in the series was located at the head of the dorsal lateral ventricles and the third section located at the rostral tip of the hippocampal formation.
ImageJ or the Fiji implementation of ImageJ was used to score the number of positive cells and their X and Y coordinates relative to pia and the CC. For each cell type, the relative laminar position was determined as a fraction of the distance between the pia and CC and data were grouped into 10 "bins" or lamina of equal thickness. Total cell density was scored as the average total number of cells scored per mm 2 of tissue in all lamina. Cortical thickness was calculated as the linear distance from pia to the dorsal margin of the callosal white matter measured ϳ1 mm lateral to midline. To more readily illustrate treatment effects on the net change in cell density for each laminar bin, an LPS-induced change in laminar cell density was calculated by subtracting the saline control cell density from LPS cell density for each bin.
Retrograde tracing. 0.5 mm 2 squares of Gelfoam absorbable gelatin sponge (Pfizer) were soaked in a solution containing Alexa Fluor 594-labeled cholera toxin ␤ (CTB, 1 mg/ml in PBS; Invitrogen) and surgically positioned unilaterally at four equally spaced A-P locations within the sensorimotor and frontal cortex of postnatal day 6 (P6) pups. Three days later (P9) pups were perfused with 4% paraformaldehyde. Cryostat sections (18 m) were collected and counterstained for Satb2 as above, and cortical neurons were examined by confocal microscopy for evidence of retrograde labeling in the hemisphere contralateral to the Gelfoam implants. Nine sections per mouse evenly distributed throughout the retrograde-labeled cortex were scored for the number of CTB tracerfilled neurons that colabeled for Satb2.
Open field exploration. Individual mice were placed in a black square open box (70 ϫ 70 ϫ 50 cm) and were allowed to explore the novel open field for 5 min. A video tracking system (ViewPoint) automatically recorded the location, the path, and the speed of the mouse in the arena.
Social interaction. Sociability and social memory were tested in an adaptation of the three-chamber test (Crawley, 2007) . Briefly, the threechamber apparatus contains three equal sized chambers: an empty middle chamber and chambers on either end that contain an inverted wire pencil cup, which is used to hold a stimulus mouse. The test has three phases. First, mice were habituated in their home cage to the experimental room for 1 h. The test mouse was then placed in the testing apparatus and allowed to explore the chambers, with the inverted but empty pencil cups, for 10 min. The subject was then removed and a novel mouse placed under one of the pencil cups. The location of the novel mouse was randomized to left and right chambers. The test subject was then placed in the middle chamber and its activity recorded for 10 min. For the social memory test, the previously used stimulus mouse (familiar mouse) was placed in the chamber opposite to its original location and a new mouse (novel mouse) was placed in the other chamber. The test mouse was again placed in the center chamber and the amount of time spent in each chamber and the number of chamber entries were automatically recorded. An experimenter blind to mouse treatment scored the videos to determine the amount time to initiate contact with the stimulus mouse and the total amount of time spent sniffing empty pencil cups or the stimulus mice using JWatcher software (Bozdagi et al., 2010; Silverman et al. 2013) .
Olfactory function. After testing in the social interaction test, mice were tested for olfactory function using a buried food test (Yang and Crawley, 2009) . For 2 d preceding the test, mice were given food treats (Froot Loops) in their cages to habituate them to this food. The evening before the test, all food was removed from the cages. The next morning, mice were allowed to habituate to the testing room for 1 h in their home cage. They were then habituated to a new testing cage with 3 cm of bedding for 5 min. Mice were moved to a holding cage while the food was buried under the bedding in the testing cage. Mice were returned to the testing cage and the amount of time required to find the buried food was recorded by an experimenter blind to treatment group.
Prepulse inhibition. Animals were habituated to the acoustic startle chamber (Med Associates) using a background of 65 dB white noise. Startle amplitude and prepulse inhibition (PPI) of the startle response were documented using a randomized series of prepulse-pulse pairs. Platform displacement was recorded for each animal during a 100 ms null period followed by a 20 ms white noise prepulse of 0 dB, 68 dB, 70 dB, 75 dB, or 80 dB. The prepulse was followed 100 ms later by a 40 ms white noise acoustic startle pulse of 120 dB. Startle response was recorded during the 140 ms after the startle pulse and peak platform displacement was used to calculate startle amplitude and prepulse inhibition. Each prepulse-pulse pair was tested in a randomized sequence for a total of 12 replicates for each tone pair. Intertrial intervals (ITIs) are randomly varied between 10 and 20 s. Percentage PPI was calculated for each animal as follows: ((average startle amplitude with no prepulse Ϫ average amplitude with the indicated prepulse)/(average startle amplitude with no prepulse)) ϫ 100.
Delayed match-to-place task. The water maze consisted of a circular black tank (170 cm diameter, 43 cm deep) filled with water (23Ϫ25°C) containing nontoxic tempera paint (Rich Art Color) to obscure the submerged platform (13 cm diameter, 29 cm height). Training in the delayed match-to-place (DMP) task was performed as previously described (Haditsch et al., 2009 ). The platform was moved to a new location each day, but, within each day, the platform location remained constant. There were 13 possible platform locations, each used only once. At the start of each trial, the mouse was gently placed into the water with its head facing the wall of the pool. The start location varied semirandomly between trials (three different starting locations spaced evenly around the pool). The DMP training consisted of six training trials per day with 10 to 15 min ITIs on days 1-12 and 1 h ITI on day 13. If a mouse did not find the platform within a 60 s trial, it was placed onto the platform by the experimenter, stayed there for 15 s, and then removed to a warmed home cage. Swim speed, path length, and location data were collected using a video tracking system (Videotrack Automated Behavioral Analysis System; ViewPoint Life Sciences). Visible platform testing occurred after the DMP task was complete. During the visible platform training, the submerged platform location was indicated by a flag rising above the water line and visible from all areas within the pool. The experimenter was blind to treatment for all behavioral tests.
Statistics. Statistical analysis was performed using Statistica software (StatSoft) or GraphPad Prism (GraphPad Software). For comparisons between two means, two-tailed Student's t test was used. For comparisons in assays that varied by two variables, two-way ANOVA was performed with Bonferroni post hoc tests. For analysis of cell location and density in cortical tissue sections, a Student's t test analysis of all laminar bins combined was used to determine whether there was a statistical change in overall density for a given marker. Data were also divided into inner and outer laminar bins and two-way ANOVA was performed separately for lamina populated by cells normally born during the challenge (bins 6 -10) versus lamina populated by cells generated after the challenge has resolved (bins 1-5). For social behavior tasks, analysis of time spent in the chambers during habituation and time spent sniffing in the sociability and social memory tasks for all animals were analyzed by two-way ANOVA with repeated measures and treatment as the betweensubject factor and chamber, stimulus, or time as the within-subject subject factor. In repeated measures comparisons conducted for the DMP task, dependent variables were analyzed using ANOVA with treatment as the between-subject factor, and session as the within-subject factor with the Newman-Keuls post hoc tests. Means Ϯ SEM are presented in all figures. For startle responses and PPI, data were analyzed by two-way ANOVA with repeated measures with treatment as the between-subjects factor and startle event or prepulse level as the within-subjects factor. For open field testing, dependent variables were analyzed using ANOVA with treatment as the between-subject factor and region as the within-subjects factor.
Results
Mild fetal hypoxia and defects in neural progenitor proliferation accompany cytokine-induced placental pathology We have previously reported that the fetus experiences hypoxia transiently after an LPS-induced mild maternal immune response at E12.5 (Carpentier et al., 2011) . To more comprehensively evaluate the levels of hypoxia in different regions of the fetal brain, pimonidazole was injected 15 min before saline or LPS injection and fetal brains were collected 2 h after LPS injection. Pimonidazole staining was evaluated by immunofluorescence in the cortex, thalamus, median ganglionic eminence (MGE), and lateral ganglionic eminence (LGE) (Fig. 1A) . Immune challenge in the mother resulted in a significant increase in fraction of fetal brain tissue area that was pimonidazole-positive within the cortex, thalamus, and LGE (Fig. 1B) . Of these regions, the cortex displayed the largest increase in staining.
Hypoxia is accompanied by alterations in neural progenitor proliferation and cell cycle exit
We have shown that mitotic activity in the developing cortex is reduced during the inflammatory challenge and accompanying hypoxia (Carpentier et al., 2011) . To more fully document alterations in neural progenitor activity that accompany LPS-induced placental damage, mice were injected with saline or LPS at E12.5. IdU was injected 2 h later to label cells in S-phase. CldU was injected 22 h later at E13.5 to labels cells in S-phase and fetal brains were harvested 2 h later (24 h after LPS or saline injection). Brains were stained for DAPI (nuclei), IdU, CldU, and Ki67, a marker of cells that are competent to enter the cell cycle (Fig. 1C) . As expected from our prior data, the abundance of IdU-positive cells that were in S-phase 2 h after LPS or saline injection was reduced in LPS-challenged mice (Fig. 1D ). Twenty-four hours later, the mitotic index measured by CldU-positive cells re-mained significantly reduced in LPS-challenged mice ( p ϭ 0.031; Fig. 1D ). The fraction of IdU-positive cells that reentered S-phase to become double labeled for IdU and CldU was also reduced ( p ϭ 0.049; Fig. 1D ), and there was a corresponding increase in quit fraction, the fraction of IdU-positive cells that exited the cell cycle to become Ki67 negative ( p ϭ 0.0014; Fig. 1D ).
Tissues were also stained for phosphorylated histone H3 (pHH3-positive), a marker for cells in metaphase. We have previously reported that the number of pHH3-positive cells is reduced in the fetal brain during the hypoxic challenge (Carpentier et al., 2011), and Herr et al. (2011) have shown that pHH3-positive cells become displaced and are proportionally more abundant in the intermediate zone (IZ) in a prenatal hypoxia model. In the present study, the location of pHH3-positive cells was scored and the ratio of ventricular zone (VZ) to IZ pHH3-positive cells was determined ( Fig. 1 E, F ). Although some animals showed an increase in pHH3-positive cells in the IZ, the change in group mean was not statistically significant.
Brain and body weight are normal at birth but diverge with age
To determine whether decreased proliferative activity of neural progenitors resulted in smaller brains at birth or in the adult, pregnant mice were challenged with LPS at E12.5 and pregnancies were allowed to proceed to term. All pups were fostered to untreated wild-type mothers at birth. Pups from saline and LPSchallenged pregnancies had similar body mass at birth (P0), indicating that the challenge was not sufficient to restrict intrauterine growth. However, body weights began to diverge in the following weeks ( Fig. 2A) . LPS-exposed offspring gained weight more slowly and achieved lower adult body weights for the duration of monitoring (2-4 months). Both male and female mice were equally affected (data not shown). Brain weights were reduced relative to controls at P7 but not P28 (Fig. 2B) . The ratio of brain to body weight was slightly higher at P7 but similar between groups at P28 (Fig. 2C) .
Alterations in adult laminar distribution of neurons produced at E12.5 and E15.5 Cortical development follows a stereotyped inside-out progression with deeper layer neurons born first. Neurons born later in gestation migrate past the inner layers to sequentially populate the outer layers of the cortex. Neuronal subtype patterning in the VZ changes over time to generate the functionally and morphologically distinct neuronal subtypes of each lamina (Molyneaux et al., 2007) . The abundance of each neuronal subtype and the relative positioning of cells within the cortical lamina may both be important for function. Accordingly, cortical tissues were evaluated two ways: tissues were first scored for cell density in all lamina and then scored for the distribution of cells among 10 equally distributed laminar zones or "bins" (laminar distribution). A, The extent of hypoxia in fetal brain tissue was estimated by treating pregnant mice with pimonidazole 15 min before injecting saline or LPS (60 g/kg) at E12.5. Two hours after saline or LPS injection, fetuses were harvested and coronal brain sections were processed and stained for pimonidazole adducts (white). Scale bar, 100 m. B, Pimonidazole staining was quantified as the proportion of tissue area showing positive staining for each brain area. Pimonidazole staining was most pronounced in the cortex following LPS administration (*p Ͻ 0.05, ***p Ͻ 0.0001, two-tailed Student's t test, n ϭ 9 -12 saline and 12-15 LPS brains from 3-5 pregnancies per group). C, Perturbations in cell cycle and quit fraction were evaluated in coronal sections of fetal cortex at E13.5. Pregnant mice received an injection of IdU (100 mg/kg) 2 h after saline or LPS and CldU (100 mg/kg) 20 h after that. Two hours after CldU, fetal brains were harvested, fixed, sectioned, and stained for IdU, CldU, and Ki67. Nuclei were counterstained with DAPI. Scale bar, 50 m. D, The IdU index and CldU index were calculated as the fraction of DAPI-positive nuclei staining with the marker. The re-entry fraction is the fraction of IdU-positive cells, which are also CldU-positive, and the quit fraction is the fraction of IdU-positive cells, which are Ki67-negative. LPS-challenged mice demonstrate a decreased IdU and CldU index (*p ϭ 0.047 and 0.031, respectively, two-tailed Student's t test), decreased re-entry fraction (*p ϭ 0.049, two-tailedStudent'sttest),andincreasedquitfraction(**pϭ0.0014,twotailedStudent'sttest)comparedwithsaline(nϭ10pergroup from 2 separate experiments). E, F, Fetal brains were harvested at E13.5, 24 h after saline or LPS challenge, and stained for pHH3, Dcx, and DAPI.pHH3-positivecellsintheVZorIZwerecountedandtheratioVZ/IZwasdetermined.VariancewasgreaterforLPS-challengedfetuses but the mean was not significantly different between groups (p ϭ 0.17, two-tailed Student's t test, n ϭ 7 LPS, n ϭ 8 saline from at least 2 pregnancies for each group). Scale bar, 50 m. CP, cortical plate.
To determine whether in utero challenge altered cell abundance and/or laminar positioning of cells born during the peak immune effects at E12.5 or 3 d later at E15.5, pregnant mice were injected with LPS or saline at E12.5. Two hours later, when the effects on fetal perfusion and the resulting hypoxia were most significant, animals were injected with IdU to label cells dividing during the challenge. Animals were subsequently injected with CldU at E15.5 to label neural progenitors dividing 3 d after the challenge, when fetal perfusion had normalized (Carpentier et al., 2011) . Pregnancies were allowed to proceed to term and offspring were fostered to unmanipulated mothers. At 4 weeks of age, brains were collected from offspring and coronal sections were stained for IdU, CldU, or markers that identify several common projection neuron subtypes (Figs. 3, 4) .
Semiserial sections spanning the motor and somatosensory cortex were first scored for gross anatomical alterations (Fig. 3A) . The linear thickness of the cortex between the pia and dorsal surface of the corpus callosum (CC) was measured perpendicular to pia at three evenly spaced anterior to posterior locations ( Fig.  3 A, B) . LPS challenge at E12.5 resulted in a significant physical thinning of cortical structures relative to saline-treated controls ( Fig. 3A ; effect of treatment, p ϭ 0.02).
Sections from P28 brains were next scored for the relative abundance and laminar positioning of nuclei labeled with IdU at E12.5 or with CldU at E15.5 (Fig. 3B-I ). Cell abundance was scored across the entire cortex from pia to dorsal surface of the CC and within 10 equally distributed laminar zones or bins (Fig.  3B) . Bin 1 is approximately equivalent to cortical layer I. The normal distribution of cells born at E12.5 and E15.5 is shown for saline controls (Fig. 3C) , which illustrates the natural positioning of E12.5-born cells to the inner cortical layers (bins 6 -10) and the positioning of E15.5-born cells to the outer cortical layers (bins 1-5).
Although proliferative activity of neural progenitors was reduced in utero, the abundance of E12.5-labeled IdU-positive cells in adult was not statistically altered by LPS challenge (Fig. 3D) . However, the laminar distribution of cells detected was significantly disrupted with a depletion of E12.5-born cells from inner layers and an over-representation in outer layers (Fig. 3E, Tables  1, 2 ). The relative depletion or over-representation in each lamina is more readily visualized as the natural log of the fold change relative to saline controls (Fig. 3F ) . The superficial-most bin corresponding to the marginal zone-derived layer I of the cortex diverged from this trend and was significantly depleted of E12.5-born cells.
The overall density of CldU-positive cells labeled at E15.5 was also unchanged by LPS challenge (Fig. 3G ), but laminar distribution was altered in a pattern opposite to the laminar displacement of IdU-positive cells born 3 d earlier (Fig. 3H,I , Tables 1, 2). CldUpositive cells born at E15.5 were significantly under-represented in superficial layers and over-represented in deep layers of the cortex. As with IdU-positive cells, the distribution of CldU-positive cells in the marginal zone-derived cortical bin 1 was distinct from the other superficial bins and showed an increase in abundance, opposite to the LPS-induced decrease in IdU-positive cells in the same region of the cortex.
The changes in laminar positioning of E12.5-and E15.5-born cells suggested that the cellularity might also be altered in deep versus superficial layers of the cortex. The laminar position of each cell nucleus, independent of cell type or birth date, was recorded and cell densities were calculated for the entire cortical thickness (Fig. 3J ) . Although brain weights were lower and cortical structures were thinner, the overall cell density and laminar distribution of nuclei within the cortex was not significantly altered by LPS challenge (Fig. 3 K, L) .
Alterations in projection neuron abundance and laminar distribution
Cortical tissues were next evaluated for the abundance of cortical projection neurons expressing Ctip2, Satb2, Tbr1, or Cux1 (Fig.  4) . The density of labeled projection neurons was first scored for the entire cortical thickness, independent of laminar position, and statistical significance was evaluated by Student's t test. Counts were then broken down into 10 laminar bins and evaluated for all 10 laminar bins together or separately for superficial (1-5) or deep layer bins (6 -10). The LPS-induced change in cell density (LPS cells/mm 2 Ϫ saline cells/mm 2 ) was also calculated and presented as the difference in cell density for each bin.
LPS challenge had no significant impact on the overall density of Ctip2-positive subcortical projection neurons (Fig. 4A) , but analysis of cell density by laminar bin did reveal a significant treatment effect causing an increase in the abundance of Ctip2-positive cells in superficial cortical layers (Fig. 4B , statistics in Table 1 ). Presenting the change in density for each laminar bin as a net loss or gain of cells per mm 2 in each bin highlights the relative increase in outer layers of the cortex Figure 2 . Decreased brain and body size in LPS-exposed mice. Pregnant mice were treated with saline or LPS (60 g/kg) at E12.5. At birth, offspring were fostered to naive mothers. A, Offspring were weighed at the indicated times. There was a significant effect of treatment ( p Ͻ 0.0001) and interaction between treatment and age ( p ϭ 0.0025) by two-way ANOVA *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001 by Bonferroni post hoc test, n ϭ 18 -31 from at least four pregnancies per time point. B, At P7 or P28, mice were weighed and brains were harvested and weighed. Mice from the LPS group showed reduced brain weight at P7 (*p ϭ 0.02, two-tailed Student's t test) but no significant difference at P28, n ϭ 19 saline from four pregnancies and 7 LPS from three pregnancies at P7, P9 saline from two pregnancies and 5 LPS from two pregnancies at P28. C, Brain/body weight ratios were slightly increased at P7 (*p ϭ 0.03, two-tailed Student's t test) but not statistically different at P28, n ϭ 9 saline from three pregnancies and 4 LPS from two pregnancies at P7, P9 saline and 5 LPS from two pregnancies each at P28. Cellularity and cellular birthdates in the cortex of adult offspring. Pregnant mice were treated with saline or LPS (60 g/kg) at E12.5. At birth, offspring were fostered to naive mothers, and brains of offspring were harvested at P28. A, A schematic drawing of a mouse coronal brain section showing boxed areas of somatosensory and motor cortex that were evaluated in these studies. Cortical thickness was measured in P28 mice as the distance between pia and CC in three semiserial sections (960 m intervals), beginning at the head of the dorsal lateral ventricles and extending caudally to approximately the hippocampal commissure. Cortical areas were sampled at ϳ1 mm lateral from the midline. Mice from the LPS treatment group showed a decrease in cortical thickness (*p ϭ 0.03 effect of treatment, two-way ANOVA, n ϭ 5 from 3 pregnancies). B, An example adult cortex stained for IdU-positive cells generated at E12.5 (green) and CldU-positive cells generated at E15.5 (red). Also shown are the relative positions of major cortical lamina and the division of the cortex into 10 equal bins for positional scoring of cell location. Bin 1 is located in superficial layer I of the cortex and bin 10 is located in the ventral-most region of layer VI. C, Fraction of IdU-and CldU-positive cells located in each laminar bin shows the normal segregation of E12.5-born cells to bins 6 -10 and E15.5-born cells to bins 1-5 in saline controls. D, The density of IdUϩ cells in all lamina ( p ϭ 0.23, two-tailed Student's t test, n ϭ 4). E, The laminar distribution of IdUϩ cells in saline or LPS treatment groups (n ϭ 4), p value for treatment is shown and Bonferroni post hoc significance indicated by *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001. F, The relative LPS-induced change in distribution calculated as the Ln(LPS/Saline) for values shown in E. The p values are listed for treatment effects calculated separately for bins 6 -10 and 1-5, corresponding to the laminar bins containing the majority of cells labeled during the inflammatory challenge at E12.5 (bins 6 -10) or 3 d after the inflammatory challenge at E15.5 (bins 1-5). G-I, The density and laminar distribution of CldU-positive cells. J-L, The density and laminar distribution of all nuclei within the cortex. Complete two-way ANOVA values for cell density and relative laminar distribution are provided in Tables 1 and 2 , respectively. (Fig. 4C ). Satb2-expressing neurons are born concurrently with Ctip2-positive neurons but send commissural projections to contralateral cortical targets rather than subcortical targets . LPS challenge caused a significant reduction the abundance of Satb2-labeled cells with effects observed in both superficial and deep layers of the cortex ( Fig. 4D-F ; ANOVA statistics in Table 1 ). Tbr1-positive neurons were also significantly depleted in LPS-challenged mice with the largest impact on deep layer neurons born concurrent with the LPS challenge (Fig. 4G-I, Table 1 ). Cux1-positive neurons, which are born later in development, were not significantly affected (Fig. 4J-L) .
The effects on Satb2-positive neurons were so pronounced that four of five LPS-challenged offspring that were scored could be correctly identified and separated based on a simple visual evaluation of the confocal micrograph (Fig. 4M -O, Satb2 density for individual animals). The fifth LPS-challenged animal that could not be identified by eye had numerically normal Satb2 neuronal densities, suggesting that some siblings remain unaffected following in utero challenge. The reduction in Satb2-positive neurons in LPSchallenged animals relative to saline control animals is notable throughout the A-P axis of the cortex. Of the five animals scored, two in each group were male and three were female. All three females and one male from the LPS group showed reduced Satb2 density while one male had normal Satb2 densities.
Alterations in CC and cortical neuron projections
Ctip2, Satb2, and Tbr1 are transcriptional regulators that are required for the developmental specification of subcerebral (Ctip2) or cerebral projection neurons (Satb2, Tbr1) (Alcamo et al. Bedogni et al., 2010; McKenna et al., 2011) . The significant reduction in Satb2-positive neurons suggested that commissural and callosal connectivity to the contralateral cortex may be reduced. Callosal thickness was measured and found to be significantly reduced in LPS-challenged offspring with the most pronounced reduction in anterior sections ( Fig. 5 A, B) . Callosal thickness averaged across all sections also showed a significant correlation to Satb2 neuronal density (Fig. 5C ). When individual animal data points were pooled for both treatment groups, a one-way Pierson correlation indicates decreased CC thickness with decreased Satb2 density ( p ϭ 0.03, n ϭ 10). To determine whether there was a corresponding reduction in the fraction of corticocortical projection neurons that are Satb2 positive, new cohorts of saline or LPS-challenged mice were generated and fluorescent CTB was injected unilaterally into the P6 cortex. Brains were harvested 72 h later and retrogradely filled neurons in the contralateral cortex scored for Satb2 (Fig. 5D-F ) . In utero challenge with LPS resulted in a 50% reduction in the fraction of projecting cells that are Satb2-positive.
Alterations in interneuron abundance and laminar distribution
Interneurons are also produced at the time of inflammatory challenge but migrate laterally from the ganglionic eminences to populate cortical regions. The abundance and distribution of GABA-positive cells was not significantly altered in the LPSchallenged group (Fig. 6A-C, Table 1 ). Parvalbumin (PV)-positive interneurons show near-significant reductions overall (Fig. 6D ) and analyzing cell density across the 10 laminar bins revealed a significant treatment effect indicating a depletion that was most pronounced in deep layers (Fig. 6 E, F, Table 1 ). Calretinin (CR)-positive cell abundance was not altered overall ( Fig.  6G-I , Table 1 ). The density of calbindin-positive or reelinpositive interneurons was also unaffected (Fig. 6J-O, Table 1 ).
Alterations in adult behavior
Offspring were tested for alterations in social behavior, olfactory function, associative learning and memory, general locomotion, open field exploration, and acoustic startle, and sensory motor gating in the PPI test.
Social behavior (both social interaction and social memory) was tested using an adaptation of the three-chamber social interaction paradigm (Crawley, 2007) . The amount of time spent in each chamber during the habituation phase of the test was examined, and we found there was a significant effect of chamber position but not treatment ( Fig. 7B ; p Ͻ 0.001, p ϭ 0.22, respectively). This result was due to less time spent in the middle chamber, which contained no pencil cup. The analysis of all mice in both groups confirms a significant preference for the chambers containing empty pencil cups ( p Ͻ 0.05 for empty vs middle and empty vs mouse) but no significant bias in the time spent in the outer chamber that would contain the mouse or the empty cup. The increased time spent in the outer chambers but lack of treatment effect is consistent with both groups showing normal interactions with a novel inanimate object.
In the sociability phase of testing, a stimulus mouse was placed under a pencil cup in one of the outer chambers, and the test Figure 5 . Alterations in callosal thickness and projections. A, B, The thickness of the CC was measured at the midline in P28 brains. Offspring from LPS-challenged pregnancies showed a significant treatment effect with the most pronounced thinning observed in anterior sections (two-way ANOVA, F (3,27) ϭ 1.18, treatment p Ͻ 0.01, *p Ͻ 0.05 by Bonferroni post hoc). C, Average callosal thickness was compared with Satb2 density for each animal. Open and closed circles represent individual animal data points. Triangles ϭ mean Ϯ SEM for each treatment group. **p Ͻ 0.01 by two-tailed Student's t test for the indicated measures. D, Fluorescent cholera toxin ␤ (CTB) was injected unilaterally into P6 pups and mice were killed 3 d later. Contralateral cortex was evaluated for retrograde-labeled cell bodies (boxed area). CTB injection site indicated by arrowhead. Scale bar, 500 m. E, Colocalization of CTB-filled cell bodies (red) with Satb2 immunofluorescence (green). Arrowhead shows CTB-filled Satb2-positive neuron. Arrow shows CTB-filled Satb2-negative neuron. Scale bar, 10 m. F, The fraction of retrogradely labeled cells that were Satb2-positive was scored in the contralateral cortex. *p Ͻ 0.05 by two-tailed Student's t test.
subject was allowed to explore all three chambers for 10 min. The time to initiate contact with the stimulus mouse as well as the total amount of time spent sniffing the mouse or the empty cup were recorded. Mice from control or LPS-challenged pregnancies showed equivalent latency to the first contact with the stimulus mouse (Fig. 7C) . Mice from both groups showed a significant increase in the time spent sniffing the novel mouse compared with the familiar empty cup ( p Ͻ 0.0001 for both saline and LPS), but mice exposed to a prenatal immune event spent less total time interacting with the stimulus mouse ( Fig. 7D ; p ϭ 0.030, Student's t test). Closer examination of behavior during the early, middle, and late periods of the 10 min trial revealed a significant gender bias with selective effects in males ( Fig. 7E ; p ϭ 0.005 treatment effect). Treatment effects did not reach significance for female mice ( Fig. 7F; p ϭ 0.19 treatment effect) .
In the social memory phase of testing, the original stimulus mouse (familiar mouse) is moved to the opposite chamber and a novel mouse placed in the opposite chamber. Saline and LPS treatment groups both preferred interacting with the novel mouse and there was no significant difference between groups (Fig. 7G) . This indicates that prenatal challenge caused alterations in sociability but not in the animal's ability to recognize the novel versus previously introduced mouse. A buried food test confirmed that olfactory function was normal in both groups and did not play a role in altered sociability (mean latency to find food, 19.5 Ϯ 2.0 s for saline, 15.6 Ϯ 2.2 s for LPS, p ϭ 0.59, two-tailed Student's t test).
A separate cohort of mice was tested for alterations in associative processing, learning, and memory in the DMP water maze task (Steele and Morris, 1999 ). In the DMP task, a hidden escape platform is placed in a new location on consecutive training days. Each day, animals must first locate the platform and then remember its location in the subsequent trials (Fig. 8A) . Offspring from LPS-challenged pregnancies were able to learn the paradigm but did not reach the same proficiency as saline controls (Fig. 8B) . Average latency to find the platform on trials 1-6 (averaged across days 2-13) showed significant impairment in the LPSchallenged group ( p ϭ 0.04 for treatment) with trial bins 4 -6 showing significant delay in time to find the platform This effect was primarily due to alterations in male mice. Animals also showed an increase in thigmotaxia (Treit and Fundytus, 1988) or time spent swimming along the wall of the pool ( Fig. 8C ; p ϭ 0.02 for treatment). The effects were most pronounced in male animals. Other indicators of learning showed subtle male-specific reduction in the number of times animals returned to the previous day's platform (Fig. 8D) or the number of times mice came close to the new platform position but narrowly missed (less often in LPS-challenged animals, Fig. 8E ). There were no significant differences in swim speed, but male animals showed a trend toward reduced swim velocity in trial bins 1 and 2 (Fig. 8F ) , when males showed the greatest tendency to swim along the rim of the pool (Fig. 8C ). There were no significant differences in latency to find a visible platform for either male or female LPS-challenged animals (data not shown).
A third cohort of mice was tested for alterations in acoustic startle and sensory motor gating using the PPI test. LPSchallenged animals displayed a reduced acoustic startle response relative to controls ( Fig. 9A ; p ϭ 0.002 for treatment), as well as a slight but nonsignificant reduction in the percentage PPI (Fig.  9B) . The effect on acoustic startle was not significantly different between males and females (data not shown).
Open field exploration showed no significant differences in exploratory behavior or locomotor activity (Fig. 10 ). An increase in thigmotaxia noted in the water maze task was not observed in the open field task, and there was no significant increase in time or Table 1. distance traveled against the chamber wall (region 1). Ambulatory velocity and episodes of ambulation were also not statistically different (data not shown). Mice were also observed for signs of repetitive or stereotypic behavior during the open field task and in their home cage. There were no overt signs of excessive grooming, jumping, circling, barbering, or other overtly abnormal activity.
Discussion
Systemic infections and other immune events in first or second trimester are associated with increased risk for neurodevelopmental disorders such as schizophrenia or autism (Brown et al., 2000; Beversdorf et al., 2005) . Maternal inflammation also elicits changes in placental structure and/or placental gene expression (Hsiao and Patterson, 2011; Fatemi et al., 2012) , as well as overt placental tissue damage when LPS is used as the immune stimulus (Carpentier et al., 2011) . The gestational period of placental sensitivity corresponds with cortical neurogenesis, and we found that mild LPS-induced maternal illness at E12.5 is accompanied by a reduction in the abundance of cycling cells in the cortical VZ. We also found that a larger fraction of the dividing cells exits the cycle to become postmitotic following LPS challenge. Mitotic index remains depressed at E13.5 but rebounds to normal or slightly higher than normal at later times, a finding which replicates earlier studies and indicates that the proliferative perturbations are common to responses induced by LPS as well as the viral molecular pattern poly(I:C) (De Miranda et al., 2010; Soumiya et al., 2011) .
We found that brain size is slightly reduced at early postnatal ages and cortical thickness is reduced in adults, but these reductions are proportional to similar reductions in body weight. This results in animals that are smaller overall but exhibit normal brain to body weight ratios. We also found evidence for a stereotypical disorganization of neuron abundance and location. Cortical development is tightly choreographed and the timing of the terminal cell division is important to determine the fate and permanent location of that neuron (Fame et al., 2011) . A disturbance in proliferation or neuronal birthdates during cortical neurogenesis could lead to a variety of anatomical changes, not only in total cell number, but also in location or phenotype for selected neuronal subtypes that are being produced at the time of challenge. We found two significant alterations in the cortex involving (1) the laminar targeting of cells born on a given day and (2) neuronal subtype specification that controls cerebral versus subcerebral projection neuron identity (summarized in Fig. 11) .
By examining the relative abundance and location of cells that were labeled with IdU at E12.5 or with CldU at E15.5, we found that LPS challenge during pregnancy had no significant effect on the total number of labeled cells present in the adult but did shift their laminar positions (Fig. 11A) . Cells born at E12.5 were depleted from A B C D E F G Figure 7 . Impaired sociability but not social memory in LPS-exposed male offspring. Pups from E12.5-challenged pregnancies (saline vs 60 g/kg LPS) were fostered to wild-type naive mothers and aged to 4 weeks. A, Mice (20 saline, 11 male, 9 female from 4 pregnancies; 22 LPS, 14 male, 8 female from 4 pregnancies) were placed in a three-chambered testing apparatus with an empty center chamber and outer chambers each containing an inverted wire pencil cup. B, The mice were habituated to the chamber with two empty pencil cups before social testing and the amount of time spent in each chamber was recorded. Data are expressed as the time spent in the chamber that will hold the mouse or the empty cup in the sociability phase of testing. There was a significant effect of position ( p Ͻ 0.001) but not treatment by two-way ANOVA, but no significant bias toward future empty or mouse chambers by one-way ANOVA or Student's t test. C, D, To test sociability, a novel male mouse was placed in one of the cups. The test subject is placed in the middle chamber and its activity recorded for 10 min. The time to first contact was not different for the treatment groups (C). Each group spent increased time interacting with the novel mouse compared with the pencil cup ( p Ͻ 0.0001 by paired t test for both groups), but the LPS-challenged mice showed decreased time interacting with the mouse. Two-way ANOVA with repeated measures showed significant effects of the stimulus ( p Ͻ 0.0001), treatment ( p ϭ 0.0379), and interaction ( p ϭ 0.0341), and post hoc analysis showed a significant difference between saline at LPS-challenged mice in the time spent sniffing the mouse (**p Ͻ 0.01, Bonferroni post hoc test). E, F, A breakdown of interaction in early, middle, and late phases of the 10 min interaction by gender revealed that the deficit in sociability is primarily in male mice in the 2.5-5 min time period ( p ϭ 0.005 by two-way ANOVA, F (1,66) ϭ 8.44), Bonferroni post hoc *p Ͻ 0.05. G, To test social memory and preference for a novel mouse, the stimulus mouse was moved to the opposite chamber and a novel mouse was placed in the first chamber. The amount of time the test subject spent sniffing each mouse was recorded. Paired t tests reveal that both groups spent significantly more time sniffing the novel mouse ( p ϭ 0.025 for saline and p ϭ 0.0024 for LPS). Two-way ANOVA with repeated measures shows a significant effect of the stimulus ( p ϭ 0.0002) but not treatment or interaction.
inner layers and proportionally more abundant in the outer layers of the cortex. The alterations in laminar distribution are consistent with a delayed migration for cells produced at E12.5, which then may join later migrating cells to occupy the outer layers. Alternatively, cells produced during periods of placental insufficiency may migrate on time but may fail to stop migrating, either due to a failure to respond to reelin or a failure of CajalRetzius cells to provide a stop signal for migration. Cells born later in development at E15.5 show an opposite LPS effect on laminar positioning, with a higher than normal proportion of cells occupying deep layers. It is possible that unknown mechanisms cause later born cells to back-fill the E12.5 depleted deep layers or to cause these cells to stop migrating prematurely. For both E12.5-and E15.5-born cells, the adult cortical layer I showed a reciprocal effect relative to the underlying cortical lamina, with a depletion of E12.5-labeled cells and over-representation of E15.5-labeled cells (Fig. 3F,I ). The precise origins of layer I neurons remain somewhat controversial, but there is agreement that the predominant layer I neuron is the marginal zone-derived Cajal-Retzius cell, which Figure 8 . Defects in the DMP task in LPS-exposed mice. Pups from E12.5-challenged pregnancies (saline vs 60 g/kg LPS) were fostered to wild-type naive mothers and aged to 5 weeks. A, Mice (21 saline, 10 male, 11 female from 5 pregnancies; 19 LPS, 13 male, 6 female from 6 pregnancies) were trained in the DMP task for 13 d. On each day, animals are asked to find a new hidden platform position (Session 1) using visual cues in the testing room. Animals become increasingly proficient at finding the platform on subsequent trials. Data were averaged across days 2-13 and represented as mean Ϯ SEM for male and female combined or separated by gender. B, Latency to find the hidden platform. Offspring from LPS-challenged pregnancies never reach the same proficiency as control mice on the DMP task (latency averaged for each trial on days 2-13 combined; p ϭ 0.04 for treatment effect by three-way ANOVA, F (1,38) ϭ 4.2). C, Mice from LPS-challenged pregnancies spend more time in the outer annulus ( p ϭ 0.02 for treatment effect by three-way ANOVA, F (1,38) ϭ 5.5). D, Preservative swimming to the previous day's platform position (number of times mice crossed the prior platform location; p ϭ 0.9 for treatment effect by three-way ANOVA, F (1,38) ϭ 0.01). E, Entries into current platform area ( p ϭ 0.04 for treatment effect by three-way ANOVA, F (1,38) ϭ 4.3). F, Swim speed ( p ϭ 0.38 for treatment effect by three-way ANOVA, F (1,38) ϭ 0.76). **p Ͻ 0.01, *p Ͻ 0.05, and #p Ͻ 0.07 by Newman-Keuls post hoc test. Figure 9 . Acoustic startle and PPI. A, Mice were tested for startle response and habituation over five startle events using 110 dB white noise. Animals from LPS-challenged pregnancies showed reduced startle amplitude (p ϭ 0.002 for treatment effect by two-way ANOVA, n ϭ 19 males, 16 females from 5 pregnancies for saline; 17 males, 22 females from 8 pregnancies for LPS). Mice displayed normal habituation to the startle tone. B, PPI was measured over a range of 68 -80 dB prepulses. Offspring from LPS-challenged pregnancies showed no significant change in the percentage PPI (p ϭ 0.29 for treatment effect by two-way ANOVA). (Fig. 6H ) , which is consistent with Satb2 and Tbr1 depletion causing a subsequent reduction in PV neuron recruitment. Together, these data indicate that the window of gestational vulnerability in the placenta may also have consequences for later developmental processes that are sensitive to the earlier activities of Ctip2/Fezf2, Satb2, and Tbr1.
The selective alteration of neuron subtypes along with subtle changes in interneuron abundance and distribution illustrate how illness might create functional changes in connectivity as well as in the balance of excitatory/inhibitory cell numbers within local cortical networks. Adult offspring show statistically significant alterations in socialization (Fig. 7) , associative processing (Fig. 8) , and acoustic startle (Fig. 9) . Other functions, including locomotor activity, open field exploration, vision, olfaction, and PPI are statistically unaltered (Figs. 7, 9, 10 ). Given the extent of depletion of Satb2-and Tbr1-expressing projection neurons in the adult, it is surprising that the functional effects are not more pronounced. However, it is important to remember that, unlike genetic models that result in the complete absence of a given neuronal subtype, animals in the present studies are genetically normal, and we speculate that natural compensatory mechanisms can accommodate significant environmental perturbations in fetal brain development.
The functional changes noted here do confirm and highlight a spectrum of behavioral alterations that have been reported following prenatal immune challenge in several model systems (Patterson, 2002; . These data also highlight three anatomical features that may be relevant to certain forms of ASD.
First, the effects on transcriptional cascades involving Ctip2/Fezf2, Satb2, and Tbr1 reduce the number of neurons that mediate callosal and thalamic connectivity and increase the abundance of neuronal subtypes mediating corticofugal connectivity (Fig. 11B) . It has been suggested that ASD involves alterations in local and long distance connectivity (Geschwind and Levitt, 2007) , and a large meta-analysis of imaging studies reveals a trend toward decreased callosal volumes in autistic patients (Frazier and Hardan, 2009 ), which may be analogous to the loss of commissural Satb2 neurons in the present mouse model. The reduced thickness of the CC in offspring from LPS-challenged pregnancies is consistent with a loss of callosal connectivity (Fig. 5B) , and we also confirm that of the remaining callosal projections, fewer of these are from Satb2-positive neurons (Fig. 5F ) .
Second, we also observed selective depletion of PV-expressing interneurons in deep cortical layers (Fig. 6D) . A speculative but interesting prediction is that these changes cause a local reduction of the PV/CR ratio and loss of inhibitory tone. An imbalance in excitatory versus inhibitory tone has also been implicated in some forms of ASD, and mouse genetic models for ASD implicate a potential common role for PV-expressing interneurons (Gogolla et al., 2009) .
Finally, the behavioral anomalies, although mild, highlight changes in social interaction and associative processing that are thought to be relevant in mouse models of ASD (Crawley, 2007) . It is particularly interesting to note that the behavioral phenotypes were more pronounced in male offspring, which correlates with the male predominance of ASD (Baron-Cohen et al., 2011) . The reason why female mice are less affected remains unknown. The anatomical studies show that female mice have pronounced loss of Satb2 neurons (Fig. 4O) , suggesting that behavioral differences are not entirely due to the absence of anatomical alterations in female animals. At present, the detailed anatomical studies have not been performed on a sufficient number of male and female animals to determine whether the anatomical changes are more pronounced in males, and future studies may determine whether female resilience is due to the absence of anatomical change or due to other compensatory mechanisms that attenuate behavioral consequences in female animals.
From our studies in mice, we concluded that mild illness alone is unlikely to cause frank developmental disability. Several of the anatomical measures and the behavioral phenotypes observed were mild but fairly consistent. Although markers for some projection neuron subtypes, such as Satb2, are substantially perturbed, the subtle behavioral deficits observed in our model reflect the likelihood that compensatory mechanisms can absorb significant alterations in fetal brain development. Future work could determine whether mild alterations in specific neuronal subtypes cause similar behavioral phenotypes and whether the severities of anatomical and behavioral phenotypes are related at various ages. Given the mild behavioral phenotypes in the present study, it seems more plausible that the clinical associations between gestational illness and developmental disorder in humans are due to genetic predisposition(s) that are exacerbated by illness to generate features of autism or schizophrenia. Such synergies may include maternal genetics that influence mother's immune response, genetics that alter placenta vulnerability, and/or fetal genetics that add to or amplify the effects of maternal immune event on the developing fetal brain.
